We report on measurement of the electron-hole effective g-factors (g * eff ) depending on electron filling factors ν from magnetophotoluminescence spectroscopy at low magnetic fields B < 1 T in low electron density regime in a GaAs/Al 0.33 Ga 0.67 As-gated quantum well. Enhancement of g * eff at odd ν is observed. The oscillatory behavior of g * eff is compared with results of a theory that takes into account the lowest-order exchange interaction of the screened Coulomb interaction. Good agreement of the observed g * eff with theoretical results is obtained except ν at around 3. The enhancement of g * eff at even ν with decrease in electron density has not been observed.
I. INTRODUCTION
The recombination of electrons in two-dimensional electron system (2DES) in Landau quantized orbitals with valence band holes has been recognized as one of the ideal probes for the study of electron-electron and electron-hole interactions. 1 The photoluminescence (PL) energy and intensity show oscillation with the electron filling factor ν. 2, 3 This is understood to be due to oscillations of quasiparticle self-energies of electrons and holes. The majority of the existing studies of the oscillations of the PL with ν was carried out at high magnetic field B of several T to ≈ 20 T. 4 In high electron density, an optically created hole only weakly perturbs the 2DES. In lower magnetic field and in lower electron density, the ratios of the electron-electron and electron-hole energies to the cyclotron energy increase, and phenomena due to the electron-electron and electron-hole interactions are expected to be more prominent. In fact, it has been found in GaAs/AlGaAs heterostructures and in Si inversion layers that the electron effective mass (m * e ) and spin susceptibility of electrons χ = m * e g * increase with a decrease in electron density, [5] [6] [7] [8] where g * is the electron effective g factor.
The increase in effective masses of the electron and the optically created hole was observed by photoluminescence (PL) spectroscopy in a GaAs/AlGaAs back-gated quantum well (QW), 9 demonstrating that the PL spectroscopy is useful for studying the low-density electron systems. The splitting energy E = E(σ + ) − E(σ − ) is, in principle, obtained by direct measurement of the PL transition energies for σ + and σ − circular polarizations, where the photon angular momentum +1 (−1) is assigned for σ + (σ − ). 10 While this is a standard method for determination of the effective g-factor of magnetoexcitons, 11 the measurement of the effective g-factor of 2DES by the splitting energy is relatively few. 12, 22 Goldberg et al. observed no enhancement of g-factor determined from the optical transition energies at ν = 1, 12 while the exchange enhanced g-factors were observed by inelastic light scattering at ν = 1 from long-wavelength spin-flip excitations, 7,13 by avoiding the influence of the disorder potential. The disorder potential is known to collapse the exchange enhancement of the electron g-factor. 14,15 A clean electron system is especially important for investigation of the electron-hole system in the low electron density regime, where the excitonic correlation compete with the 2DES correlation of the electron fluids. However, the investigation of the PL in this regime is few because of the availability of high-quality samples in low density. Gated undoped GaAs/Al x Ga 1−x As QWs are suitable for such investigations because of low disorder in the low electron density regime due to the lack of a donor layer and the ability to tune the electron density from nominally zero to the order of 1 × 10 11 cm −2 by gate voltage. 9, 16, 17 In this paper, we report on systematic PL measurements of a gated undoped GaAs/Al x Ga 1−x As QW sample in low electron density below 1 × 10 11 cm −2 in low perpendicular magnetic field B 1 T, where the spin-split energy of a valence band hole is linear in B in good approximation. 11 The Landau fan diagrams are obtained from the circular polarization resolved PL peaks. The electron-hole effective g-factors as a function of the electron filling factor ν are directly derived from the energy separation of the circular polarization resolved PL peaks due to recombination of up-and down-spin electrons with a hole. We investigate the roles of the electron-electron and electron-hole interaction in the low electron density regime.
II. EXPERIMENTAL
The sample layer consists of n-GaAs, superlattice barrier, 20-nm Al 0.33 Ga 0.67 As layer, 50-nm GaAs well, and 400-nm Al 0.33 Ga 0.67 As layer. The sample showed peak mobility of 3 × 10 6 cm 2 /Vs. The back-gate bias voltage was applied between the surface side annealed contacts and the back contact. The linearly polarized laser light at 800 nm was irradiated on the sample in a dilution refrigerator using a polarization maintaining single-mode optical fiber at the incident power of 0.8 μW. The circular polarization resolved PL from a 0.5 × 0.5-mm 2 square mesa structure was measured at base temperature of 20 mK using a wave plate and a polarizer in the mixing chamber, an optical fiber with a 400-μm core diameter, and a Spex 1404 double monochromator equipped with a liquid-nitrogen-cooled charge-coupled device detector.
III. THEORY
The electron g-factor in GaAs QW is calculated using the method by Ando and Uemura. 18 Effects of the level broadening of each Landau level are treated by the self-consistent Born approximation (SCBA), and the self-energies of electrons are calculated by including the lowest-order exchange interaction of the screened Coulomb interaction. We assume a twodimensional electron gas and the finite width of the QW is not taken into account. The correlation energy of the electrons and the electron-hole Coulomb interaction are not taken into account. The self-energy for the LLN , where LLN stands for the N th Landau levels, is given by the expression 18,19
where V (q) = 2πe 2 /κq, ε(q) is the dielectric function, J N,N (q) is the matrix element between the Landau levels N and N , and n Nσ is the occupation number for the Landau level N with spin σ . The g-factor for LLN g * N is expressed by
This expression for the g-factor for LLN implicitly depends on the Fermi energy E F or the filling factor ν. The g-factors for the lower (=completely filled) Landau level (N < N) become |g * | > |g 0 | when the Fermi energy lies in the N th Landau level. The level broadening depends on the magnetic field in the SCBA and is given by the expression
where ω c is the cyclotron frequency for the magnetic field B and τ is the scattering time under zero magnetic field. The level broadening relative to the Landau level separation hω c is given by (B)/hω c ∝ 1/ √ B, which means that the broadening becomes relatively narrower tohω c as the magnetic field B increases. In our calculation, the value of under B is determined from 0 = (B = 1); i.e., (B) = √ B 0 . We assume that the valence band hole g-factor (g h ) is electrondensity-independent. Then the electron-hole-effective g-factor is given by g * eff = g * N + g h .
IV. RESULTS AND DISCUSSIONS
Figures 1(a) and 1(b) show the PL spectra from a 2DES in perpendicular magnetic field B 1 T at the electron densities n s = 5.0 × 10 10 and 1.0 × 10 11 cm −2 at a temperature T = 20 mK. The magnetic field was swept by fixing the orientation of a wave plate and a polarizer. The PL in positive and negative B corresponds to the σ − and σ + circular polarizations, respec-tively. The PL in σ − (σ + ) circular polarization corresponds to the recombination of a majority (minority) spin electron with a valence band hole. Plotting the peak energies of the PL as functions of B derives Landau fan diagrams as shown in Figs. 1(c) and 1(d). The PL peaks due to the transition between N e and N h = 0 are primarily observed, where N e and N h are the Landau indices for the electron and the hole, respectively. The lowest PL peak in σ + is the recombination of spin ↓ electron and |−3/2,n = −1 h hole, and the lowest PL peak in σ − is the recombination of spin ↑ electron and |3/2,n = 2 h hole in the cylindrical symmetry approximation, where n is the angular momentum. 10, 12, 20 Both |−3/2,n = −1 h and |3/2,n = 2 h states are primarily heavy-hole character at low magnetic fields. 10, 21 The off-diagonal (N e = N h ) transitions are induced by the mixing of the Landau-levels and by the impurity scattering. The diagonal (N e = N h ) transitions are also observed in LL1 in some cases at 0.48 B 0.60 T in Fig. 1(c) and at 0.86 B 1.00 T in Fig. 1(d) . The full width at half maximum of PL peaks is 0.3-0.6 meV. The minimum linewidth is limited by the energy distribution of holes, 22 which corresponds to the hole temperature of about 3 K. The hole distribution does not reach thermodynamical equilibrium due to short recombination lifetime. 23 The oscillations of the PL peak energies and the differences in the PL energies for σ + and that for σ − are observed. In the Landau levels LL0 and LL1, E(σ + ) > E(σ − ) holds, indicating that the electron-hole effective g-factor g * eff is negative in agreement with the literature. 4 A reversal of the PL peak energies in LLN is observed for N 2, where E(σ + ) is lower than E(σ − ). The electron g-factor is negative and the PL peak energies in this case is explained by the transition matrix element of the electron and the light-hole component of the hole 10 mixed by the electron-hole Coulomb interaction. Figures 1(e) and 1(f) show that the PL intensity in σ − polarization (I σ − ) is larger than that in σ + polarization (I σ + ) for ν 4, except a few cases, indicating that the populations of the up-spin electrons are larger than the populations of the down-spin electrons and, thus, g * eff < 0 holds in accordance with the previous argument. There are, however, a few cases where the PL intensity in σ + polarization is larger than that in σ − polarization. This effect is particularly significant at ν < 4 and in smaller n s . As shown in Fig. 1(e) , the intensity of LL0 PL peak in σ + is remarkably larger than that in σ − at ν = 3. This is associated with a spin-dependent Pauli blocking. In a partially filled Landau level at odd ν, the mixings of wave functions with different angular momentum induced by the electron-hole Coulomb interaction are small for the up-spin electrons in the filled spin-split Landau level due to the Pauli blocking, while the mixings of wave functions are large for the down-spin electrons in the spin-split Landau level. Figure 2 (a) shows g * eff obtained from the difference in the PL peak energies in σ + and σ − polarizations for LL0 as given by g * eff = [E(σ + ) − E(σ − )]/μ B |B| by assuming E Zeeman = ± 1 2 g * eff μ B B for the electron density between 2.9 × 10 10 and 1.0 × 10 11 cm −2 . In the following, we focus on LL0. The oscillations of g * eff with ν are clearly seen with maxima of |g * eff | at odd ν and minima at even ν. The width of maxima of |g * eff | at a fixed odd ν is smaller for larger n s . The effective masses of the electron and the hole at 2.9 × 10 10 method described in the literature 9 by using the average of PL peak energies for σ − and σ + polarizations. This indicates that the hole is not localized in the range of the electron density shown in Fig. 2(a) . Figure 2(b) shows the calculated results of the g-factor for the transition energy from the lowest Landau level LL0, g * eff = g * N=0 + g h , as functions of ν, where we used parameters 0 = 0.16 and g 0 eff = g 0 + g h = −2.0, and the contribution of the valence band hole g-factor (g h ) is included in g 0 eff . The parameter 0 was set to obtain good agreement with the measured values at odd ν as shown in Fig. 3 , and g 0 eff was set by using the experimentally obtained values of g * eff at ν = 10 for LL0 at n s = 8.6 × 10 10 and at 1.0 × 10 11 cm −2 .
The ν dependence of the calculated g-factors is plotted in Fig. 2(b density of n s = (e/ h) × 1 (T). The calculated |g * eff | has peaks around odd ν, where the exchange interaction is large and drops down to g 0 eff at even ν, where there is no net spin. Larger ν gives smaller g-factor for smaller exchange interaction. The increase of |g * eff | at even ν with decrease in ν in Fig. 2(a) may be explained by disorders that are not taken into account by Eq. (3); for example, long-range potential fluctuations. 17, 24 Figures 3(a)-3(d) show magnetic field dependence of the observed g * eff at ν = 3, 5, 7, and 10. At a fixed ν, larger magnetic field, i.e., larger n s , gives larger g * eff . The calculated results are also shown in Figs. 3(a)-3(c) . The g-factor gradually increases as B since the relative level-broadening decreases as 1/ √ B, in agreement with the observations in Figs. 3(b) and 3(c) . As the filling factors increase, the exchange interaction becomes smaller, resulting in smaller g-factors.
The observed g * eff at ν = 3 shows saturation at 0.68 T as shown in Fig. 3(a) , and |g * eff | is smaller at ν = 3 than |g * eff | at ν = 5 at n s = 6.0 and 7.1 × 10 10 cm −2 . This saturation of g * eff at ν = 3 cannot be explained by the calculated result as shown in Fig. 3(a) and was not observed in the activation energy measurements where the effective electron |g|-factors were obtained to be 5.3 and 2.5 at ν = 3 and 5, respectively. 25 The enhancement of g-factor up to 15 was observed at ν = 3 at B ≈ 6 T in GaAs/Al x Ga 1−x As single heterojunction with a δ layer of Be acceptors located at a well-defined distance from the interfaces. 22 It is tempting to associate the shrinking of the |g * eff | at ν = 3 with the multiple low-energy spin excitations. 26 However, the skyrmion at ν = 3 is fragile and it was found that Landau-level mixing tends to favor spinpolarized quasiparticles. 27 It was indicated that the lowestlying charged excitations at ν = 3 was accompanied with a single spin flip at B 2 T. 28 Depolarization of the degree of circular polarization of the PL P = (I σ − − I σ + )/(I σ − + I σ + ) is expected at ν > 3 and at ν < 3 for the skyrmion ground state. The PL intensities at around ν = 3 in Fig. 1(e) are not consistent with formation of skyrmions. Minima of circular polarization P in the LL0 were previously observed at oddinteger filling factors 3, 5, and 7 in GaAs/Al x Ga 1−x As heterojunction samples, with a δ layer of Be acceptors at electron density of n s = 1.7 and 4.7 × 10 11 cm −2 . 29 Their observation is in agreement with magnetic-field dependence of PL peak intensities as shown in Fig. 1(f) for n s = 1.0 × 10 11 cm −2 . In the lower electron density case of n s = 5.0 × 10 10 cm −2 , P at ν = 3 further decreases to P < 0 as shown in Fig. 1(e) . The degree of circular polarization P at around ν = 3 does not directly reflect the spin polarization of the electrons.
The saturation of g * eff and the reduction of P at ν = 3 is associated with the mixing of the Landau levels. The inter-Landau level coupling is significant at 1 T since the cyclotron energyhω c 1.7 meV is much less than the Coulomb energy E 0 = √ π/2e 2 /(κl B ) 5.5 meV, where l B is the magnetic length. As mentioned before, the PL intensity at around ν = 3 is larger in σ + than in σ − , indicating the excitonic enhancement of the oscillator strength in σ + at around ν = 3. In the absence of the Coulomb interaction, spin-down LL0 is fully occupied and spin-down LL1 is empty at ν = 3. The excitonic enhancement of the oscillator strength in σ + is induced by rearranging the occupations of the down-spin electrons in LL0 and in empty LL1 in response to optically created hole in the valence band. 30 the absence of the Coulomb interaction. This excitonic effect causes larger reduction of the transition energy in σ + than in σ − , and hence the reduction of |g * eff |. The observed |g * eff | at even ν does not increase with decrease in n s in the range n s 2.9 × 10 10 cm −2 . This is consistent with the theory, including the lowest-order exchange interaction of the screened Coulomb interaction, and indicates that the electron correlations are not important at n s 2.9 × 10 10 cm −2 . Nevertheless, since m * e increases with decrease in n s , 9 spin susceptibility χ increases with decrease in electron density in the range 2.9 × 10 10 n s 1.0 × 10 11 cm −2 .
V. CONCLUSIONS
We have measured g * eff at B 1 T for 3 ν 10 for the electron density between 2.9 × 10 10 and 1.0 × 10 11 cm −2 . We have observed oscillatory behavior of g * eff with B with maxima of |g eff | of ≈ 5.6 at odd ν. The observed behaviors of g * eff have been explained by a calculation taking into account the level broadening of each Landau level and the self-energies of electrons. It has been shown that |g * eff | is larger for larger B at a fixed odd ν because /hω c decreases with increase in B. We have found that the PL intensity in σ + enhances and |g * eff | decreases at ν = 3 because of the cancellation of the exchange-enhanced energy splitting by the excitonic effect. The enhancement of |g * eff | at even ν with decrease in n s has not been observed.
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